Chagas disease (CD) causes the highest burden of parasitic diseases in the Western
Chagas disease (CD), or American trypanosomiasis, is a tropical parasitic disease that affects approximately 10 million people in Latin America (WHO 2010) . CD is caused by the flagellated protozoan Trypanosoma cruzi, which is often transmitted to humans and other mammals by blood-sucking insects, such as the triatomines (Urbina et al. 2003) . Transmission can also occur via blood transfusion (Young et al. 2007 ), organ transplantation (Kun et al. 2009 ), ingestion of contaminated foods or fluids (Benchimol Barbosa 2006) or congenital acquisition (Dorn et al. 2007 ). CD kills approximately 10,000 people every year (WHO 2010) and has a direct impact on workforce productivity in Latin America (Conteh et al. 2010) .
Although CD causes the highest burden of parasitic diseases in the Western Hemisphere (Bern & Montgomery 2009) , current treatments are highly toxic and often ineffective, particularly for the chronic stage of the disease (Trouiller et al. 2002) . Strikingly, no drug has emerged as an effective candidate for clinical trials in the last 30 years (Moreira et al. 2009 ). Therefore, the identification of an enzyme or receptor that is essential for parasite growth and/or survival in vivo may facilitate the development of safer and more effective drugs (Wang 1997) .
Platelet-activating factor (PAF) is a potent lipid mediator that plays a role in several human physiological The T. cruzi proteome was downloaded from TriTrypDB (tritrypdb.org/) (Aslett et al. 2010) .
Phylogenetic analyses -The PAF receptor sequences were converted to Molecular Evolutionary Genetics Analysis (MEGA) file format with the MEGA 4.0 software (Tamura et al. 2007 ) and then aligned using Multiple Sequence Alignment by Log-Expectation (MUSCLE) (Edgar 2004) . The phylogenetic analyses were performed with MEGA with the neighbour-joining algorithm (Saitou & Nei 1987) . The bootstrap support values for the optimal trees were calculated using 1,000 replicates with heuristic search settings that were identical to the original search settings (Felsenstein 1985) . The evolutionary distances were calculated with the Jones-Taylor-Thornton matrix-based method (Jones et al. 1992 ) with respect to the units of the number of amino acid (AA) mutations per site. The indels were treated as missing data.
PAF receptor conserved residue analysis -The residues that are totally conserved among PAF receptors were analysed with MEGA through multiple sequence alignments. The sequences that correspond to the seven membrane-spanning TMDs of the PAF receptors were inferred by alignment to the published human PAF receptor sequence (Gui et al. 2007) .
ConSurf-conservation analysis (Ashkenazy et al. 2010 ) was performed using the tertiary structure of the human PAF receptor as the three-dimensional scaffold (PDB code 2B0X). Multiple sequence alignments of the 25 PAF receptors were computed using MUSCLE (Edgar 2004) , and the Bayesian method (Mayrose et al. 2004 ) was used to calculate the conservation scores with the Jones-Taylor-Thornton matrix-based method (Jones et al. 1992) as a model for protein substitutions.
Search for PAF receptor homologues -The search for PAF receptor homologues was performed with the Basic Local Alignment Search Tool (BLAST)P algorithm (Altschul et al. 1990 ) in the National Center for Biotechnology Information (NCBI) BLAST package version 2.2.24. The search was optimised to detect orthologues by selecting soft filtering (chosen in the standalone NCBI version of BLAST with the -F ''m S'' option) and the Smith-Waterman algorithm was used to produce the final alignments and calculate the scores (-s T option) (Moreno-Hagelsieb & Latimer 2008) . The T. cruzi proteome was used as query in BLASTP against PAF receptor sequences with an e-value threshold of 10 (default). To decrease the possibility of missing a putative PAF receptor sequence, we selected all sequences that were above the threshold value for conservational analyses, not just the reciprocal best hits, which are typically considered for orthologue detection.
T. cruzi hypothetical protein conservation analysis -The T. cruzi sequences that were obtained from the BLAST searches were classified by protein description and the ConPred II software was used to select proteins that have a predicted transmembrane topology. The program predicts TMDs based on a consensus approach by combining the results of several methods, including KKD, TMpred, TopPred II, DAS, TMAP, MEMSAT 1.8, SOSUI, TMHMM 2.0 and HMMTOP 2.0 (Arai et al. 2004 ). The theoretical molecular weights of these proteins were predicted using the Sequence Manipulation Suite tool (bioinformatics.org/sms2/protein_mw.html).
The sequences of hypothetical proteins that were predicted to contain seven TMDs were manually edited to separate the transmembrane regions, which were then independently aligned with the corresponding TMDs of the 25 PAF receptors using MUSCLE (Edgar 2004) . A conservation score for each AA position in the TMD multiple sequence alignment was computed with the SCORECONS web server with default parameters (ebi. ac.uk/thornton-srv/databases/cgi-bin/valdar/scorecons_ server.pl) (Valdar 2002) . The method generates conservation scores for individual residues based on normalised substitution matrices or multiple alignments of a set of sequences (Valdar 2002) . To reduce the apparent weight assigned to the PAF receptor sequences in the final score, we highlighted conservation in each AA position of the hypothetical proteins and rescaled the scores between 0-99, as previously proposed by Haubertin et al. (2006) : Rscore = 99 -[99 × (S -Lscore)/Δscore], where Rscore is the rescaled score, S is the score calculated with SCORECONS, Lscore is the lowest score for a given AA position and Δscore is the amplitude of all of the scores for the AA residue. The Rscores that were derived from gapped positions in the T. cruzi hypothetical protein sequences with respect to the scaffold were defined as zero. With the rescaled scores from each AA residue, the weighted means were calculated for each TMD using the following formula, x = ∑(x.w)/∑w , where x is the weighted mean, x the Rscore value for a given AA residue and w is the corresponding conservation weight (score) calculated with SCORECONS when only the multiple sequence alignment of the 25 PAF receptor sequences was used as the input. The final conservation scores were calculated by the weighted mean of the rescaled scores regarding all AA residues in the seven TMDs predicted for the given hypothetical protein.
RESULTS
We assessed the evolutionary relationship of PAF receptors from 25 different animal species (Supplementary data). To the best of our knowledge, these are the only PAF receptor sequences that are currently available. The phylogenetic tree (Fig. 1) clearly indicates that these PAF receptors are split into two main branches. One cluster contains the mammals and the amphibian/bird clades and the second cluster exclusively contains fish. The mammalian lineage can be further subdivided into two branches, where the opossum and platypus are separated from the mammals. The human, orangutan and chimpanzee PAF receptors were sub-grouped together.
The multiple sequence alignment of the PAF receptors (Supplementary data) shows that 77 AAs are completely conserved among the 25 species. The majority of these residues (approximately 82%) are located in the TMDs ( Fig. 2A, Table I ). When residues that are partially conserved among species are analysed (shown in pink in Fig. 2B ), the alignment clearly shows that these residues are also in the TMDs, except for the fourth domain, which is the most variable TMD (Table I) .
To identify T. cruzi PAF receptor protein sequences, the 23,031 total T. cruzi protein sequences available in TriTrypDB (Aslett et al. 2010 ) were compared to other the 25 PAF receptor sequences via a BLAST search with an E-value threshold of 10. A total of 264 parasite protein sequences were selected, of which 138 were identified as potential PAF receptor proteins. A comparison of these hypothetical proteins with the PAF receptors yields similar BLAST best score values that range from 17-29. The hypothetical protein Tc00.1047053511507.60 presented the highest number of BLAST hits: 24 from the 25 PAF receptor sequences (Table II) .
Of the 138 hypothetical T. cruzi proteins identified, 29 sequences were predicted to contain seven TMDs with chain lengths that ranged from 305-1,410 AA. TMD sequence of these hypothetical proteins was analysed for AA conservation and the resulting mean values for the seven TMDs ranged from 31.7-44.1%. When the TMDs were analysed independently, no T. cruzi hypothetical protein exhibited a weighted mean value above 60% (Table III) .
DISCUSSION
Several groups have previously proposed that PAF exerts a biological effect on T. cruzi by binding to transmembrane receptors (Rodrigues et al. 1996 , Ambrósio et al. 2003 , Gomes et al. 2006 . PAF receptors are GPCRs, which are transmembrane signalling proteins that are evolutionarily conserved among eukaryotic organisms ). The occurrence of GPCRs and Gprotein signalling dates back 1.2 billion years, which was Fig. 1 : evolutionary relationships of platelet-activating factor (PAF) receptors from 25 animal species. The evolutionary relationship of PAF receptors was inferred using the neighbour-joining method (Saitou & Nei 1987) . The bootstrap consensus tree inferred from 1,000 replicates (Felsenstein 1985) is taken to represent the evolutionary history of the taxa analyzed. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Jones-Taylor-Thornton matrix-based method (Jones et al. 1992) and are in the units of the number of amino acid (AA) substitutions per site. The analysis involved 25 AA sequences. All positions containing gaps and missing data were eliminated. There were a total of 281 positions in the final dataset. Evolutionary analyses were conducted in Molecular Evolutionary Genetics Analysis 4.0 software (Tamura et al. 2007 ). (Edgar 2004 ) and the analysis of conserved residues was carried out in Molecular Evolutionary Genetics Analysis (MEGA) 4.0 software (Tamura et al. 2007 ). The two-dimensional representation of human PAF receptor was adapted from Gui et al. (2007) ; B: conservation profile for the tertiary structure of PAF receptor (PDB code 2B0X) using ConSurf-conservational analysis. Protein was visualized using FirstGlance in Jmol with colour-coded conservation scores. The conserved and variable residues are coloured according to the conservation scores. Sites, for which the inferred conservation level was assigned with low confidence, are coloured light yellow. Multiple sequence alignments of the 25 PAF receptors were computed using MUSCLE and the Bayesian method (Mayrose et al. 2004 ) was applied for the calculations of the conservation scores using the JonesTaylor-Thornton matrix-based method (Jones et al. 1992) as the model of substitution for proteins. before plants, fungi and animals emerged from a common ancestor ). Thus, it seems reasonable that T. cruzi may also express a PAF receptor.
Current theory regarding receptor structure and function evolution suggests that the structural diversity of the receptor between different species is a result of evolution, which is characterised by the continuous accumulation of mutations. However, if receptor function is essential for survival of the organism, some structural conservation is required to ensure protein function ).
Our studies regarding PAF receptor evolution indicate that the TMDs have the highest density of conserved residues. This observation is consistent with molecular modelling studies, which suggest that the ligand-binding site of the human PAF receptor is fundamentally composed of TMD residues (Gui et al. 2007 ). Moreover, the TMDs tend to be conserved among GPCRs, while the extra and intracellular loop regions and C-terminus are typically more divergent (Herz & Thomsen 2007) .
Based on similarity to known PAF receptor protein sequences, we identified 29 hypothetical seven TMD proteins in the T. cruzi proteome. To the best of our knowledge, these proteins represent the first putative GPCRs identified in this parasite. Although the evolutionary origins of the encoding genes remain unknown, previous studies have indicated that horizontal gene transfer (the process where genetic material is transferred between distinct evolutionary lineages) has occurred in parasitic protozoa (Richards et al. 2003) ; moreover, viral infection may explain the origin of several mammalian genes, including genes that code for membrane receptors (Yu et al. 1996) .
An alternative hypothesis is that putative GPCRs have been present since the beginning of trypanosome evolution. For example, the discovery of specific GPCRs in the protozoan Dictyostelium discoideum that were previously thought to be only in animals suggests that these genes arose before the divergence of animals and fungi and were subsequently lost in fungi (Prabhu & Eichinger 2006) .
Our evolutionary analysis of previously identified PAF receptors indicates that the fish receptor sequences are grouped into a distinct clade from the other PAF receptors. Danio rerio, Gasterosteus aculeatus, Oryzias latipes and Tetraodon nigroviridis are teleost fishes, some of the most primitive vertebrates (Verburg-van Kemenade et al. 2009) , thus pointing to the use of a PAF receptor sequence from a fish (instead of from a human) as the reference to calculate the percentages of un-gapped AA residues in the conservation analyses of hypothetical proteins. However, in view of the considerable evolutionary distance between GPCRs from animals and their putative counterparts in T. cruzi (Wilkie & Kinch 2005) , we believe that the advantage of using a PAF receptor sequence from a fish as the reference could be assumed as insignificant. Besides, the fact that both PAF and its antagonist WEB 2086 are active in human and T. cruzi (Rodrigues et al. 1996) suggests some conservation between these species, but the same cannot be stated for fishes and T. cruzi.
A comparison of the identified T. cruzi seven TMD proteins and the human PAF receptor sequence resulted in relatively similar low BLAST scores. However, the BLAST algorithm typically does not provide high scores among phylogenetically distant species because genomes with a large evolutionary distance typically have a low protein sequence similarity . Thus, it would be optimal to use PAF receptor sequences from more primitive organisms, such as Dictyostelium or Entamoeba, which have genes that encode GPCRs (Wilkie & Kinch 2005) . However, because no PAF receptor sequence from a lower eukaryote is currently available, a more precise relationship cannot be established.
Conservation analyses of the TMD AAs of the hypothetical T. cruzi proteins did not allow us to identify a protein sequence that is orthologous to the human PAF receptor. Although the weighted mean conservation scores that we calculated cannot be assumed to be absolute percentages of AA conservation relative to the PAF receptors, we expect that a putative PAF receptor orthologue would exhibit a higher number of conserved motifs; consequently, this should be expressed as a considerably higher conservation score compared to the remaining non-orthologous proteins. Nevertheless, if the putative T. cruzi PAF receptor is among the sequences we identified, this receptor does not show a high degree of conservation in the TMDs compared to animal PAF receptors. This is apparent in the protozoan D. discoideum, where the seven TMD receptors show little sequence similarity to the corresponding GPCRs in animals (Lagerström & Schiöth 2008) .
The 29 putative seven TMD proteins identified in this study represent a starting point for additional biochemical, physiological and molecular biology studies Conserved residues in the transmembrane domains of platelet-activating factor (PAF) receptors from 25 animal species analyses of residues that are totally conserved among PAF receptors were carried out in Molecular Evolutionary Genetics Analysis (Tamura et al. 2007 ) and residues partially conserved were computed using ConSurf-conservation analysis (Ashkenazy et al. 2010 to identify surface proteins in T. cruzi. None of these 29 sequences or any other sequence derived from hypothetical proteins in the parasite proteome display a high degree of similarity with the human PAF receptor. However, the identification of the T. cruzi receptor may theoretically enable the design of PAF antagonists that interact with the T. cruzi, but not human PAF receptor. Molecules that affect the growth/differentiation of parasites can subsequently be tested as selective and effective drugs for the treatment of neglected diseases (Hammarton et al. 2003) . The limitations of this study include the ability of the BLAST algorithm to correctly identify the putative PAF receptor sequence and the ability to correctly predict TMD structures. To minimise these limitations, we selected a BLASTP algorithm that has been optimised to detect orthologues (Moreno-Hagelsieb & Latimer 2008) and used a consensus approach to properly detect the TMDs (Arai et al. 2004) .
Additional limitations of this work may be related to the nature of the proteomic data analysed. In contrast to the kinetoplastid pathogens Leishmania major and Trypanosoma brucei, the T. cruzi assembled genome sequences are considered to be highly repetitive because the CL Brener reference strain is a hybrid of the "nonEsmeraldo-like" and "Esmeraldo-like" lineages; consequently, each chromosome is comprised of two homologous chromosomes (Alves-Ferreira et al. 2009 , Weatherly et al. 2009 ). Therefore, the predicted T. cruzi proteome has some inherent restrictions regarding computational gene prediction and annotation that may hamper the identification of a potential unpredicted and/or un-annotated PAF receptor. Additional studies regarding the identifi- cation of PAF receptor homologues in the complete T. cruzi genome (not only against the predicted proteome) are needed, as they may overcome these limitations.
